used to measure sympathetic vasoconstrictor responses in the feet and hands to a deep breath and body cooling and to assess blood flow variability. Measurements were made in 14 non-diabetic control subjects and 52 diabetic patients, 30 of whom had evidence of peripheral neuropathy. All the measurements were significantly reduced in the feet of patients with neuropathy. Vasoconstrictor responses were not significantly impaired in the hands of these patients. Cardiovascular autonomic function was assessed in the same subjects by standard tests of reflex heart rate responses and compared to sympathetic vasoconstrictor function as determined by the response to a deep breath. Eighteen of the 30 diabetic patients with peripheral neuropathy had impairment of both cardiovascular and sympathetic vasoconstrictor functon. Five had normal vasoconstrictor but impaired cardiovascular responses and two had normal cardiovascular but impaired vasoconstrictor function. It may therefore be important to assess both systems in diabetic patients.
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used to measure sympathetic vasoconstrictor responses in the feet and hands to a deep breath and body cooling and to assess blood flow variability. Measurements were made in 14 non-diabetic control subjects and 52 diabetic patients, 30 of whom had evidence of peripheral neuropathy. All the measurements were significantly reduced in the feet of patients with neuropathy. Vasoconstrictor responses were not significantly impaired in the hands of these patients. Cardiovascular autonomic function was assessed in the same subjects by standard tests of reflex heart rate responses and compared to sympathetic vasoconstrictor function as determined by the response to a deep breath. Eighteen of the 30 diabetic patients with peripheral neuropathy had impairment of both cardiovascular and sympathetic vasoconstrictor functon. Five had normal vasoconstrictor but impaired cardiovascular responses and two had normal cardiovascular but impaired vasoconstrictor function. It may therefore be important to assess both systems in diabetic patients.
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Autonomic neuropathy is a common complication of diabetes mellitus and its recognition and study have been facilitated by the development of simple reproducible tests of autonomic function based on cardiovascular reflexes [1] . Most of these tests involve measurement of changes in heart rate in response to various stimuli. They are predominantly tests of vagal function [2] [3] [4] [5] and may not identify individuals in whom the abnormality lies within the sympathetic nervous system. The occurrence of postural hypotension is an indication of sympathetic failure [6] but it is a late phenomenon in diabetic neuropathy [7] . However, the sympathetic nervous system regulates the peripheral vasculature in the hands and feet and so sympathetic function can be studied by examining vasoconstrictor responses in the peripheries. A deep breath causes a vasoconstriction in the extremities [8] [9] [10] which is sympathetically mediated [11] and absent in denervated limbs [12] . Body cooling also produces a peripheral sympathetically mediated vasoconstriction in the skin [11, 13, 14] . Furthermore, the spontaneous fluctuations seen in blood flow through the hands and feet are thought to be mediated by changes in peripheral sympathetic tone [15-17] and reduction in diabetic patients has been related to diabetic autonomic neuropathy [17, 18] .
The purpose of this study was to assess sympathetic function in the peripheries of diabetic patients and nondiabetic control subjects using three objective measurements -the vasoconstrictor responses to a deep breath and to body cooling, and the degree of spontaneous variability in resting blood flow. Autonomic function was also assessed in the same individuals by the more commonly used tests of cardiovascular function [1] .
Measurements were carried out on 52 diabetic patients and on 14 non-diabetic healthy volunteers who were chosen to cover the same age and sex distribution as the diabetic group. The characteristics of the subjects in the different groups are shown in Table 1 . In all subjects after taking a full history and carrying out a clinical examination, the presence of significant peripheral vascular disease was excluded by measurement of ankle/brachial pressure index. Any patients taking medication with a significant cardiovascular action were excluded from the study. Thirty of the diabetic subjects were diagnosed as having peripheral neuropathy (group A) and the remaining 22 diabetic patients were designated as having no peripheral neuropathy (group B). The diagnosis of peripheral neuropathy was made when two or more of the following four evaluations were abnormal [19] -symptoms, conduction studies showing abnormality in 
Absent
Outside the age and sex adjusted normal ranges for both sites of measurement determined in 519 non-diabetic patients (24) at least two different limb nerves, ankle reflexes and vibration perception threshold. Further details of these evaluations are given in Table 2 . The protocol was identical in all subjects. The study had the approval of the Northern Ireland Ethical Committee and all subjects gave informed consent. 351 obtained for determination of variability, which was expressed as the coefficient of variation (CV) for 30 flows where CV= SD x 100 mean resting blood flow.
Finally, body cooling was induced by reducing the inlet temperature of the perfused suit to 16 ~ and reducing the environmental temperature to 17 ~ Cooling was normally continued for 7 rain but was stopped at the onset of shivering if this occurred. The vascoconstrictot response was expressed as the average percentage reduction in flow during the last 2 rain of cooling. At the end of the cooling period the perfused suit and the heat chamber were rewarmed to their original levels. The plethysmographs were emptied and refilled with water at 16 ~ Blood flow was measured for 2 rain before the hands and feet were finally removed from the plethysmographs.
Cardiovascular measurements
Assessment of central autonomic function used three of the cardiovascular reflex tests described by Ewing and Clarke [1] . The heart rate responses to the Valsalva manoeuvre, to slow deep breathing and to standing were assessed by measurement of the R-R interval on a standard electrocardiograph. For the Valsalva manoeuvre the ratio of the longest R-R interval after the manoeuvre to the shortest interval during it was obtained (VR). The heart rate response to 
Peripheral vascular measurements
Measurement of hand and foot blood flow was made by venous occlusion plethysmography [25] . During the study subjects lay supine on a couch in a temperature chamber controlled at 24_+ 0.2~ to maintain a stable environment. They wore a liquid conditioned suit [26] maintained at a temperature of 31 ~ which has been shown to be a thermoneutral temperature for the experimental conditions which did not differ significantly between the groups. Both feet and the right hand were inserted into water filled plethysmographs which were maintained at 32 ~ After a 1 h equilibration period foot and hand blood flow were recorded continuously at a rate of 3 flows per rain over a 2 rain period. The subject then took a deep breath and blood flow was recorded for a further 2 min. The stimulus was repeated at least twice since this was a transient stimulus and required the patient's co-operation. The vasoconstrictor response was expressed as the largest percentage reduction in flow in response to a deep breath so that the patient's maximum vasoconstrictor activity was assessed. A continuous 10 rain recording of blood flow was then deep breathing was expressed as the mean of the maximum rate minus the minimum rate during each of 6 respiratory cycles (maxmin DB) and the response to standing was expressed as the ratio of the longest R-R interval at around 30 beats after assuming the upright position to the shortest around the 15th beat (30/15).
Blood pressure response to standing
The blood pressure response to standing was measured with a sphygmomanometer by auscultation over the brachial artery when lying quietly and after standing up. The postural fall was taken as the difference between the systolic blood pressure lying and the systolic blood pressure standing [1] .
Vibration Threshold
Vibration sense was assessed at the medial malleoli and the plantar surfaces of the distal phalanx of each great toe using a biothesiometer (Bio-Medical Instrument Co, Newbury, Ohio, USA) [24] .
Statistical analysis
Values in the text are given as the mean + 1 SEM. Comparison between groups was by non-parametric methods, the Kruskal-Wallis one factor analysis of variance being used initially, followed by the Mann-Whitney U test where applicable.
Results
Figure 1 shows typical recordings of foot blood flow from a normal control subject (upper panel) and a diabetic patient with peripheral neuropathy (lower panel). The gradient of each slope is proportional to the blood flow at that time, a steeper slope indicating a higher flow. In the control subject a deep breath produced a transient decrease in blood flow (flatter slope) but this response is absent in the patient with neuropathy. Furthermore, the flows are higher and less variable in the patient with neuropathy throughout the period of recording. Figure 2 shows corresponding recordings of foot blood flow before and during the last 2 rain of body cooling. Once more the resting flows are higher and less variable in the patient with neuropathy and there is no decrease in flow during body cooling although there is a marked flattening of flows in the control subject. Figure 3 shows these results for all the subjects. The mean resting foot blood flow over a 10 min period in the control group was 1.7 + 0.1 ml. 100 ml-a. min-1. There was no consistent difference between the values for the right and left feet, the mean difference being 0.21 + 0.07 ml. 100 ml -~. min -1. Resting flow was similar in group B at 1.8+0.1 but was significantly higher (p < 0.004) in group A at 2.9 + 0.2 ml. 100 m1-1. min-k Again, there was no significant difference between the values for the right and left feet, the mean difference being 0.07 + 0.1 ml. 100 ml -~. min -~ in group B and 0.38 + 0.27 in group A.
The mean vasoconstrictor response to a deep breath of the control group was 1.1+0.1ml.100ml-~.min -~ or 64.4_+3.3% and this was similar to the response of 1.3+0.2ml.100ml-l.min ~ or 61.2+3.2% in groupB. The vasoconstriction was significantly less (p < 0.001) in group A, the mean being 0.9 +0.1 ml-100 ml ~.min -~ or 32.3 _+ 3.1%. The correlation coefficient of the relationship between resting foot blood flow and the percentage fall after a deep breath was 0.35 (p < 0.001).
The mean vasoconstrictor response to cooling in the control group was 0.8 + 0.1 ml. 100 ml-l-min-X or 44.1 _+ 3.0% and was similar to the response of group B 0.7 + 0.1 ml. 100 ml-i. rain ~ or 36.8 + 2.7%. The response to cooling in group A was significantly less (p < 0.005) at 0.5 +0.1 ml. 100 m1-1.min -1 or 19.6_+ 2.6%. Measurement of the cooling response was not possible in one of the Fig.4 . Fall in systolic blood pressure mmHg on standing in non-diabetic control subjects, diabetic patients with no evidence of neuropathy (group B) and diabetic patients with evidence of neuropathy (group A). The horizontal bars represent the mean value for each group group B patients nor in eight of the group A patients as they were too large to wear the water perfused suit. The variability in foot blood flow over a period of time may be a measure of sympathetic function. As assessed by CV over 10 min, it was similar in the control group (23.4 + 1.5) and group B (22.6 + 1.2) but was significantly reduced (p < 0.005) to 15.0 + 1.1 in group A. Figure 4 shows the fall in systolic blood pressure on standing for all the subjects. The mean fall was 8 + 1.3 mm Hg in the control group, which was similar to the fall of 10 + 1.4 in group B but the fall of 14.8 + 2.4 mm Hg in group A was significantly (p < 0.05) greater. Figure 5 shows the measurements of hand blood flow for all the subjects. The format is identical to that in Figure 3 , but only one measurement of hand blood flow was available in each subject. The mean resting hand blood flow in the control group of 3 + 0.4 ml. 100 ml-1. 9 was significantly less (p < 0.05) than that in group B (5.7 + 0.8) and group A (5.0 + 0.4). The vasoconstrictor responses to a deep breath and body cooling were similar in all three groups of subjects. The CV was similar in the control subjects (32.3 + 3.3) and group B (30.4 + 2.1) but was significantly lower (p < 0.05) in group A at 23.0 + 2.1).
In the feet of all three groups of subjects, local cooling induced by refilling the plethysmographs with water at 16~ produced a similar brisk decrease in blood flow of 68.5 + 2.2% in the control group, 61.1 + 3.6% in group B and 65.0 + 2.5% in group A.
The results of the tests of cardiovascular autonomic function in each of the three groups are recorded in Table 3 . The values obtained in the control group and in group B diabetic subjects were similar. The responses in the group A diabetic patients with neuropathy were significantly impaired when compared with the control group or group B (maximum-minimum deep breath p < 0.01, Valsalva ratio p < 0.05, 30/15 ratio p < 0.001).
Values obtained for each test were classified as normal, borderline or abnormal [1] . An aggregate score for each individual was derived from the three tests by allocating 0 points for a normal response, 1 point for a borderline response and 2 points for abnormal. Scores for each group are plotted on the horizontal axes of Figure 6 labelled CAN to represent cardiovascular autonomic neuropathy. The vertical line represents the division between absence of cardiovascular autonomic neuropathy and evidence of mild neuropathy. The vasoconstrictor responses to a deep breath are plotted on the vertical axes of Figure 6 . Two values were obtained for each patient, one for each foot. While in most cases there was good agreement between the values obtained, in the subjects where a discrepancy arose the more abnormal response of each pair was chosen as indicating the most severe degree of sympathetic impairment. The discrepancy was greater than 0.4 ml. 100 ml -~. min -1 in one control subject, nine group B and seven group A diabetic patients. The horizontal line in Figure 6 represents an arbitrary division between "normal" and "abnormal" vasoconstrictor responses, the latter being defined in this study as greater than 2 SD below the mean for the control group. Figure 6 represents a comparison of the results of the tests of cardiovascular autonomic function with a test of peripheral vasoconstrictor function. If subjects appearing normal or abnormal in the tests of cardiovascular autonomic function were identical to those appearing normal or abnormal in the tests of peripheral vasoconstrictor responses, then the situation would be that portrayed in Figure 6 a as idealised data which has been plotted from hypothetical values. Points would fall in either the upper left quadrant (both types of test normal) or the lower right quadrant (both types of test abnormal). All of the control subjects had values in both tests within the upper left quadrant. In group B 16 subjects had normal values in each test. Four subjects had normal peripheral vasoconstrictor function but abnormal cardiovascular autonomic function and two subjects had abnormal vasoconstrictor function but normal cardiovascular autonomic function. In group A only four subjects were normal on both types of test and 18 were abnormal in both. Five had normal vasoconstrictor but abnormal cardiovascular responses and three of the group had abnormal vasoconstrictor but normal cardiovascular autonomic responses.
Discussion
This study involved measurements on normal control subjects and diabetic patients. Many of the patients had signs and symptoms typical of neuropathy. However, it was decided to base the diagnosis of neuropathy on objective measurements as well as on clinical signs and symptoms in keeping with the guidelines for diagnosis outlined by Dyck, Karnes and O'Brien [19] . The motor and sensory nerve conduction studies were carried out in a warm environment and after correction for foot temperature [23] were compared with normal values quoted in the literature [20] [21] [22] as were the values for vibration perception threshold [24] .
Tests involving cardiovascular autonomic reflexes have greatly increased our understanding of autonomic dysfunction in diabetes. However, they do not provide a sensitive index of sympathetic dysfunction in the limbs. Direct measurement of conduction in autonomic nerve fibres supplying the peripheries is invasive and difficult, requiring skilled operators and unsuitable for routine clinical use. Using this method Fagius and Wallin found absent sympathetic activity in 60% of diabetic patients, the abnormalities correlating with vasomotor changes and autonomic symptoms [27] .
Many indirect methods of assessing sympathetic function in the peripheries of diabetic patients have been used [28] including measurement of sweat responses [29, 30] [34] and thermography [35] .
The present findings suggest that abnormalities in sympathetic function are common in diabetic patients with evidence of neuropathy. The tests of vasoconstrictor response to a deep breath and body cooling demonstrated a progressive loss of sympathetic function when the two diabetic groups were compared with the control subjects ( Fig. 3 and 6) . A much greater proportion of group A than group B patients had impaired sympathetic vasoconstrictor responses in their feet. The correlation coefficient for the degree of impairment of the deep breath and body cooling responses was 0.65 (p < 0.001). The brisk decrease in foot blood flow in all three groups of subjects in response to local cooling to 16 ~ indicated that the depression of vasoconstrictor responses at 32 ~ was due to neural mechanisms and not to abnormalities in the blood vessel walls. These tests appeared to be more sensitive indicators of sympathetic dysfunction than variability in resting foot blood flow or the fall in systolic blood pressure on standing (Fig. 3 and 4) . Low et al. [28] have also found orthostatic hypotension to be an insensitive indicator of sympathetic abnormality in diabetic patients.
The results confirm other findings of increased blood flow in the diabetic neuropathic foot [33] although this did not correlate well with evidence of sympathetic dysfunction.
There was no evidence of impaired sympathetic function in the hand and this may support the suggestion that longer sympathetic fibres are more likely to show impairment [30] .
Comparison of the results of the tests of cardiovascular autonomic function with the tests of sympathetic vasoconstrictor function (Fig. 6) shows that almost two-thirds of the diabetic patients with evidence of peripheral neuropathy had impairment of both aspects of autonomic function. Only four were completely normal, the remainder had impairments of either cardiovascular or vasoconstrictor function. Most of the diabetic patients who had no evidence of peripheral neuropathy had normal cardiovascular autonomic and vasoconstrictor function. However, four of them had impaired cardiovascular autonomic function and two had impaired sympathetic vasoconstrictor function.
The results suggest that when autonomic function is being assessed in diabetic patients, tests of both cardiovascular autonomic responses and sympathetic vasoconstrictor function should be employed since alterations in the latter are important in the development of foot ulceration 355 [36] . This would require adaptation of the procedures described in this study into a simpler shorter test.
